Abstract. The dynamic response of a maxillary molar with periodontal ligament (PDL) was investigated to explore the dynamic behavior of the tooth. Three-dimensional (3D) finite element model of a maxillary molar with periodontium was constructed using CT image-reconstruction. The modal vibration of the maxillary molar in the periodontal system was performed at first, and then the dynamic response of the tooth under an impact loading was calculated and compared with the results of the different periodontal attachments in order to assess the condition of the periodontium. The first four modes were dominant in the modal vibration. The resonant frequency of the maxillary molar under the impact loading was close to the frequency of the second mode in the modal analysis. The resonant frequency decreased gradually with the loss of alveolar bone, while the resonant amplitude increased nonlinearly. The resonant frequency and amplitude of the maxillary molar can be used to describe the loss of alveolar bone and the condition of periodontium.
Introduction
The periodontal ligament (PDL) is a thin soft tissue made up of thousands of fibers which fasten tooth cementum to the bony socket and provide attachment of a tooth to the adjacent alveolar bone to support the tooth. Biomechanical information on the PDL condition is very important in clinical diagnosis, treatment planning and prognosis management [1, 2] . Many methods are used to evaluate the PDL condition, for example radiographic examination, masticatory pressure and tooth mobility. The dynamic behavior of a tooth in the periodontal system reflects the important parameters for assessing the periodontal tissue condition: the damaged condition of periodontium and the level of periodontal attachment [3, 4] . The dynamic response of a tooth with the PDL is strongly related to the application force and the excitation direction when the vibrational properties of the tooth is used to describe the condition of the periodontium [5] . Transient dynamic analysis is a technique used to determine the dynamic response of a structure under the action of any general time-dependent loads [6, 7] . The mechanism by which the strain energy is gradually converted to another energy form is known as damping. Some investigations focus on the calculation or measuring of the natural frequency and the damping of a tooth subjected to an external excitation [1, 3, 4] in vivo and in vitro. But the dynamic behavior of a molar excited by an impact force has not been well explored. In order to investigate the dynamic behavior of a maxillary molar and the relation between the resonant frequency of the tooth and the level of periodontal attachment, dynamic finite element analysis of the maxillary molar in the periodontal system under an impact loading was performed in this study to assess the condition of periodontium.
Methods

Finite Element Model
To construct a 3D geometric model of a maxillary molar and the PDL, CT image-reconstruction technique was used in this study provided by the 3D-DOCTOR software (3D-DOCTOR Version3.5, Able Software Corp, Lexington, MA, USA) at first. The procedure to build the 3D model was referred to our previous study [8] . Then to rebuild the PDL of the maxillary molar, the meshed surface of the tooth root where the PDL attached was selected and expanded outwards to form the PDL tissue based on the thickness of the PDL. Finally, the PDL structure was meshed correspondingly with the maxillary molar. The 3D finite element model of the maxillary molar and the PDL was set up for further analysis (Figure 1 ). In this model, the length of the tooth was 19.3 mm, the crown was 7.1 mm and the root was 12.2 mm. The thickness of the PDL was 0.25mm [9] . In order to simulate periodontal attachment loss in vivo, the height of periodontal attachment was defined to describe the condition of alveolar bone loss and the level of periodontal attachment. A series of models was used in the analysis, with a decrement of 1.0mm each for the height of periodontal attachment from the anatomic boundary between the crown and the root of the tooth. The mechanical properties for enamel, dentin and the PDL were taken from the references [6, 10] (Table  1 ). 
Numerical Approach
The tooth, the PDL and the alveolar bone were assumed to be a stretch buffer viscoelastic system in this study [11] [12] [13] to describe the dynamic property of the maxillary molar in the periodontal system. The alveolar bone was considered immovable, the restrictions of displacement were applied on the exterior surface of the PDL in three-directions [14, 15] . To validate the model, the modal analysis of the maxillary molar in the periodontal system was performed at first using MSC software MARC-FEA. The first four mode shapes and frequencies were selected to describe vibration characteristics. Then the acceleration of the tooth under impact loading was calculated and converted into the response by the FFT analyser to describe dynamic property of the tooth. A sinusoidal force ( Figure 2 ) with a peak of 500 N [9] represented masticatory load, a rise time of 2ms, and a total duration of 4 ms [6, 9] , was chosen and imposed on the central point in buccal surface of the dental crown in the buccal-lingal direction (Figure 1 ). The modal analysis of a tooth in the periodontal system is the basis of the tooth dynamics. To explore the vibration characteristic of the maxillary molar in a healthy periodontal condition, in this study, the model of the maxillary molar was attached with the PDL at an ideal level of periodontal attachment on the root. The frequencies and shapes of the first four modes were selected. The results show that the frequency of the first mode was 931Hz, and the shape was the swing in the mesial-distal direction. The second mode was 1048Hz, and the shape was in the buccal-lingal direction. The third mode was 1347Hz, and the shape was the rotation about the longitudinal axis of the tooth. The fourth mode was 1737Hz, and the shape was in the longitudinal axis of the tooth (Figure 3) . The impact acceleration of the maxillary molar in a healthy periodontal condition was calculated under impact loading (Figure 4) . The time-domain spectrum of the response result was transformed into a frequency domain spectrum by the FFT analyser. And the resonance frequency was then obtained to describe the resonant characteristics of the maxillary molar. The acceleration amplitude (10 -6 g) Figure 4 . Dynamic response of the maxillary molar
Load
The result shown that the resonant frequency of the maxillary molar under impact loading was 1047Hz ( Figure 5 ). The value was close to the frequency (1048Hz) of the second mode in the modal analysis above. And the shape of the second mode was in the buccal-lingal way which was the direction also the impact loading in. The resonant frequency has relations with the periodontal tissue condition [4, 8] . In order to investigate the relationship between the resonant frequency and the alveolar bone loss, the height of periodontal attachment was defined to describe the condition of alveolar bone loss and the level of periodontal attachment. A series of virtual models was used in the analysis, with a decrement of 1.0mm each for the height of periodontal attachment from the anatomic boundary between the crown and the root of the tooth. The results (Figure 6 ) shown that the resonant frequencies decreased gradually with the loss of ligament attachment under the same impact loading. Height of peritodontal attachment (mm)
The resonant frequency (Hz) Figure 6 . Effect of the height of periodontal attachment on the resonant frequency From the results above it can be seen that the height of periodontal attachment is correlative with the resonant frequency, and the resonant frequency of the maxillary molar can be used to describe the loss of alveolar bone and the level of periodontal attachment.
The Relation between the Attachment of the PDL and the Resonant Amplitude
The resonant amplitude of the maxillary molar increased nonlinearly with the loss of alveolar bone under the impact loading ( Figure 7 ). When the height of periodontal attachment was higher than 10 mm, the resonant amplitude increased gradually, but when the height of periodontal attachment decreased further, the resonant amplitude increased quickly. This indicates that the resonant amplitude can be used to describe the mobility of the maxillary molar. Figure7. Effect of the height of periodontal attachment on the resonant amplitude
Discussion
The condition of the periodontal tissue is very important in the diagnosis and treatment planning [16, 17] . Many methods are used to evaluate the condition of the PDL [18, 19] , but most of them focus on the morphologic change of tissue or measurement in static state for example radiographic examination to assess the PDL condition. The support of a tooth is provided by the combined action of the PDL and the alveolar bone, and the PDL is a thin viscoelastic tissue made up of thousands of fibers to support the tooth [20, 21] . The dynamic property of a tooth is proved to be a valid way to evaluate the condition of periodontal tissues [15, 22] . Many investigations concentrate on measuring vibration frequency of a tooth in vivo and in vitro [23, 24] . But the dynamic behavior of a tooth has not been well explored, especially to a molar excited by an impact force. In this study, the modal analysis and dynamic response are performed to investigate the dynamic behavior of a maxillary molar. It is found from the results that the first four modes in the modal vibration are dominant whose shapes are in substantial alignment with the directions of the tooth mobility [8] . The resonant frequency (1047Hz) of the maxillary molar under impact loading is close to the frequency (1048Hz) of the second mode in the modal analysis. And the shape of the second mode is in the buccal-lingal direction as is the impact. The result is also near to the frequency 1190±130Hz in the buccal-lingal direction measured by Huang et al [25] taking into account the effect of measurement error. This study confirms the feasibility of measuring a tooth mobility in clinical application. And it should be appropriate to use dynamic response to describe the PDL condition [26] under a certain practical excitation.
Periodontitis results in the loss of alveolar bone and the recession of the periodontal attachment. According to the literature concerning tooth mobility, the vibration frequency of a tooth in the periodontal system is related with the level of periodontal attachment [4, 8] . The present study shows that the resonant frequency of the maxillary molar decreases gradually with the loss of alveolar bone under impact loading, while the resonant amplitude increases nonlinearly. This result demonstrates that the resonant frequency and amplitude of the maxillary molar can be used to describe the loss of alveolar bone and the mobility of the maxillary molar.
For measuring the resonant frequency of the tooth in clinical application, the impulse force applied on the tooth must be assigned at first. When a suitable force is used in vivo testing, the resonant frequency and amplitude of the maxillary molar measured in vivo can be used to describe the loss of alveolar bone and evaluate the periodontal condition.
